We demonstrate an efficient nonlinear process in which Stokes and anti-Stokes components are generated spontaneously in a Raman-like, near resonant media driven by low power counter-propagating fields. Oscillation of this kind does not require optical cavity and can be viewed as a spontaneous formation of atomic coherence grating.
ample, linear and non-linear absorption of parametrically generated fields can be controlled and the phase mismatch, inherent in all non-degenerate parametric interactions involving counter-propagating fields, can be easily compensated by a large dispersion accompanying resonances in phase-coherent media. It is important that due to quantum interference the strong-coupling regime was reached in the present work with a very low driving power. The present results are therefore directly related to recent theoretical studies on few photon quantum control [11] , switching [12] , and quantum noise correlation [13] , and can potentially be used to study interactions of a very low-energy fields and for suppression of quantum noise.
Moreover, if extended to resonant molecular vapor the present approach might be useful for efficient Raman frequency shifting. Likewise, narrow-linewidth signals may also be of interest e.g. for optical magnetometry.
The present experiments follows our previous work on atomic coherence effects in optically driven Λ systems in Rb [10, 14] . Studying the detailed lineshape of these signals, we found that under certain conditions the Raman amplification [14] can actually turn into a coherent self-oscillation of the Stokes and anti-Stokes components. An essential element for the oscillation to appear is the existence of the two driving fields (E f , E b ) propagating in the opposite directions. We first discovered this oscillation as the result of simple Fresnel reflection from the rear window of the Rb cell. Figure 1b shows the simplest experimental configuration that produced Raman oscillation. A beam from an extended-cavity diode laser passes successively through an optical isolator (I), a focusing lens, a heated Rb cell, a partially reflecting mirror and onto a fast photodiode (PD). The signal from the photodiode is detected using a microwave spectrum analyzer (SA). The partially reflecting mirror (M) is used to retro-reflect some of the transmitted beam back through the Rb vapor. With proper tuning of laser frequency, the backward beam causes the Raman gain peak to grow to the point of oscillation threshold. When the self-oscillation occurs the detected Raman beatnote signal at a frequency of hyperfine splitting (ω hf s ) increases in amplitude by as much as 60dB and its linewidth narrows from 200 kHz to less than 300 Hz (Fig.2a) . Under appropriate conditions the beatnote linewidths as narrow as 100 Hz FWHM were observed (Fig.3a) . This is much narrower than the usual broadening mechanisms for Raman transitions under the present conditions conditions (primarily, transit broadening γ bc ∼ 50 kHz and power broadening ∼ 500 kHz). The oscillation occurs without any cavity enclosing the cell. We have been careful to eliminate possible extraneous sources of feedback to lasers or other optical and electronic elements.
In order to study the physical origin of the oscillation process we carried out a series of experiments, where instead of reflecting the incident laser light we injected laser beams with different frequencies from the opposite directions (Fig.1c) . We found that the oscillation occurs readily if the forward and backward fields are tuned to the different ground state hyperfine level as diagramed in Fig.1a . It is more difficult to make the system oscillate if the backward beam is tuned to the same frequency as the forward beam. If tuned to different ground state hyperfine levels, the oscillation was observed with the backward beam coupling either the same (P 1/2 ) or different (P 3/2 ) upper-state fine-structure levels as the forward beam. In our two-laser experiments it is was easy to see oscillation for both We have analyzed the characteristics of the forward and backward beams by making beatnotes with independently tuned laser sources, and by using optical cavities to analyze the spectra. We found that the field components at frequencies of the forward and backward driving fields (ν f or ν b ) are surrounded by generated first order Stokes and anti-Stokes fields at frequencies ν f,b ± ω 0 . In certain cases second order components have been seen as well.
The generated components produce, in general, asymmetric spectrum. In particular, in cases when forward driving field is tuned to e.g. upper ground state hyperfine sublevel and backward driving beam is tuned to the lower hyperfine sublevel, the anti-Stokes component observed in a forward direction is much more (∼ 20 − 30dB) intense than the Stokes one.
These observations suggest that the actual oscillation mechanism is somewhat different from (although related to) that studied theoretically in Ref. [8] . That work involved only one pair of counter-propagating components. Motivated by experimental results, we consider a theoretical model in which atoms in a double Λ-type configuration are interacting with six optical fields. These include two counter-propagating driving fields with frequencies ν F , ν B and complex slowly varying amplitudes E F and E B ; anti-Stokes and Stokes components with frequencies ν 1,3 = ν F ± ω 0 propagating in the forward direction (E 1 , E 3 ), and corresponding components with frequencies ν 2,4 = ν B ± ω 0 propagating in the backward direction (E 2 , E 4 ).
The field is then written as E = i (E i e −i(ν i t+k i r) + c.c.)/2. Below we focus on the linear theory describing the oscillation threshold. Hence, all generated components are treated to first order only and saturation effects are disregarded. These assumptions allow us to truncate the infinite hierarchy of equations. The resulting polarization can be written in the form P = i (P i e −i(ν i t+k i r) + c.c.)/2. We are interested here in polarizations at the Stokes and anti-Stokes frequencies, which are related to the field components by 4 × 4 susceptibility matrix χ mn :P m = ǫ 0 χ mn exp(ik mn r)Ē n , whereP = [
T , and k ij are representing free-space wave vector mismatch.
For the present problem the matrix elements of [χ] were calculated explicitly for each velocity group and averaged over Maxwellian velocity distribution. In the present calculations we consider fields interacting in a slab of medium of the length L. Assuming that the solution is homogeneous in transverse directions leads to (k ij ) ⊥ = 0, and the evolution along the longitudinal direction z is described by:
The appropriate boundary conditions are taken to include a weak "seed" input (E) at anti-Stokes frequencies (corresponding to e.g. spontaneous emission, or vacuum field).
Before proceeding with comparison of experiment and theory we illustrate the origin of the oscillation. To this end, let us assume that absorption of the driving fields is negligible, and there is no inhomogeneous broadening. Furthermore, we disregard the coupling of the forward (backward) driving field with all transitions except for c → a (b → a ′ ) and assume that the detuning of the backward driving field from respective single photon resonance (∆ B ) is much larger that the corresponding detuning of the forward drive. In such a situation only forward anti-Stokes (E 1 ) and backward Stokes (E 4 ) fields are involved into nonlinear interaction (Fig.4a, [8] ). In this case: ∂Ē i /∂z = a ijĒj , with {i, j} = {1, 4} and
wavelength of the ith field component and γ i is the radiative decay rate on the transition coupled by this component of the field. N is atomic density, and Ω F,B are Rabi-frequencies.
When the phase matching condition is satisfied (Im(δa) = 0, δa ≡ (a 11 − a 44 )/2), we find:
where s = a 14 a 41 − (δa) 2 , and the unimportant proportionality constants have absolute values of the order of unity. These solutions diverge if tan(sL) = s/(δa), which indicates the onset of mirrorless oscillations. Note that the latter condition can be satisfied if η 4 |Ω F Ω B | > η 1 γ bc |∆ B |, which is identical to a strong coupling condition of Refs. [1, [7] [8] [9] [10] [11] [12] [13] [14] . Let us examine now the phase matching. Close to the two-photon resonance we have:
where ∆ k
